The distinguishing factors that characterize the host response to infection with virulent Mycobacterium tuberculosis (M.tb) are largely confounding. We present an infection study with 2 genetically closely related M.tb strains that have vastly different pathogenic characteristics. The early host response to infection with these detergent-free cultured strains was analyzed through RNAseq in an attempt to provide information on the subtleties which may ultimately contribute to the virulent phenotype. Murine bone marrow derived macrophages (BMDMs) were infected with either a hyper-(R5527) or hypovirulent (R1507) Beijing M. tuberculosis clinical isolate. RNAseq revealed 69 differentially expressed host genes in BMDMs during comparison of these 2 transcriptomes. Pathway analysis revealed activation of the stress-induced and growth inhibitory Gadd45 signaling pathway in hypervirulent infected BMDMs. Upstream regulators of interferon activation such as and IRF3 and IRF7 were predicted to be upregulated in hypovirulent-infected BMDMs. Additional analysis of the host immune response through ELISA and qPCR included the use of human THP-1 macrophages where a robust proinflammatory response was observed after infection with the hypervirulent strain. RNAseq revealed 2 early-response genes (ier3 and saa3) and 2 host-defense genes (oasl1 and slpi) that were significantly upregulated by the hypervirulent strain. The role of these genes under M.tb infection conditions are largely unknown but here we provide validation of their presence with use of qPCR and Western blot. Further analysis into their biological role during infection with virulent M.tb is required.
Introduction
The initial response of the host to Mycobacterium tuberculosis ultimately determines the establishment of an infection. 1 Evidence is accumulating for strain and lineage-specific virulence in M.tb 2 which further complicates our understanding of the factors which ultimately govern the ability to cause disease in humans. 3 The initial infection-related events may provide information on the subtleties which ultimately contribute to the virulent phenotype.
Two well-known studies of the host response to hypoand hypervirulent M.tb infection were based on the clinical isolates CDC1551 4 and HN878, 5 respectively. It was determined that the hypovirulent CDC1551 was highly immunogenic which contributed to rapid and stable control of lung bacillary loads and subsequent improved survival. In contrast, the hypervirulent HN878 failed to induce a significant Th1 response which translated into increased bacilliary load and early death. This virulence was associated with the presence of a phenolic glycolipid (PGL) that was able to suppress proinflammatory cytokines such as TNF-a, IL-6 and IL-12, 6 however it was eventually revealed that although it modulates the immune response, it does not itself confer hypervirulence. 7 Further research revealed that the cytokine response initiated by both hypo-and hypervirulent strains is not predictable (reviewed by 8 ). Thus our understanding of the processes involved in the acute and chronic inflammatory response during TB infection is still inadequate and it is therefore necessary to find other components which may be associated with virulence. Much work has been performed in an attempt to define the immune response to infection, [4] [5] [6] [7] however these studies focus on strains which differ genetically and therefore pin-pointing factors associated with virulence becomes challenging.
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closely related M.tb Beijing genotype strains with vastly different pathogenic characteristics. In doing so we were able to assess a subtle difference in the host response to infection with these strains. We also evaluated in more detail a select number of differentially regulated gene products in the context of their functional role during infection in a mouse in vitro model and repeated this with human THP-1 cells to ensure that the response we were observing was not species specific. We observe that during the early stages of infection, the hypervirulent strain induces a robust pro-inflammatory cytokine response characterized by the secretion of IL-6, IL-12B and IL-1B, as well as the RANTES. Additionally we isolated oasl1, ier3 and saa3 as early response genes that have largely unknown roles during M.tb infection.
Results and discussion
The characterization of virulence in M.tb can be related to various bacterial cell components, however characterizing virulence in the context of the host response to infection is challenging. Studies attempting to elucidate a particular host response to hypo and hypervirulent M.tb infection have used strains that are not closely associated with one another and are often from entirely different lineages. Here we present an infection study using 2 closely related M.tb strains that possess very different pathogenic characteristics with regards to their ability to transmit and cause disease in humans and kill mice. [9] [10] [11] A previous study determined that mice infected with the hypervirulent Beijing strain did not survive 5 weeks post-infection whereas more than 80% of mice infected with the hypovirulent strain survived 4 months postinfection, 11 indicating significant differences in virulence. Both of these strains are members of sublineage 7 and only differ by 2 IS6110 insertions, 11 thus when comparing the 2 host responses, the differences we observe are more likely to be related to the virulent phenotype, thus excluding any other host responses which would otherwise be induced due to differences in lineage and other genotypical and phenotypical variances.
To this end, we assessed the early host response to infection (MOI D 1) with both strains using RNAseq at 12 h post-infection (Fig. 1 ). No significant difference was observed in the uptake of both strains (Fig. 1A) . Principal component analysis (PCA) was conducted on filtered gene expression data with the circles representing individual samples that are visualized according to infection status (uninfected BMDMs, BMDMs infected with either R5527 hypervirulent M.tb or R1507 hypovirulent M.tb). PCA shows that each infection state (infected/uninfected) is distinctly clustered. Additionally, PCA indicates that the RNAseq-derived transcriptome profile of BMDMs infected with the closely related Beijing M.tb strains indicate a differential transcriptional hostresponse to infection. The adjacent heat map indicating differentially expressed genes was generated using 3 replicate samples of control (uninfected), BMDMs infected with hypervirulent M.tb and BMDMs infected with hypovirulent M.tb (Fig. 1B) . When comparing uninfected BMDMs (control) to BMDMs infected with hypervirulent M.tb using the filters described (Materials and Methods), 2241 differentially expressed genes were identified (Table S1 ). When uninfected BMDMs were compared to BMDMs infected with hypovirulent M.tb, 2488 differentially expressed genes were identified (Table S2 ). RNAseq comparisons of the 2 infected-state transcriptome profiles recovered 69 differentially expressed genes between the cell infection models (Table S3 ). The top 20 up-and downregulated genes are presented in Table 1. The canonical pathways were then compared in BMDMs infected with both strains. Canonical pathway analysis ( Table 2 ) reveals activation of similar pathways during infection with both hypo and hypervirulent strains, apart from growth arrest and DNA damageinducible 45 (Gadd45) signaling which is induced by infection with the hypervirulent M.tb strain. This family of genes, including Gadd45a, Gadd45b, and Gadd45g, are stress sensors that modulate responses of mammalian cells to physiological stresses. 12, 13 It is thus growth inhibitory under conditions of stress and suggests that infection with the hypervirulent M.tb strain is perceived as threatening to the host cell, a response which is not observed by infection with the hypovirulent strain. Interestingly, when we assessed various upstream transcriptional regulators of the enriched pathways and their predicted activation (Table 3) , both interferon regulatory factor (IRF) 3 and 7 are predicted to be activated after infection with the hypovirulent M.tb strain. Literature suggests that these regulatory factors induce the expression of type-1 interferons 14 which control infection progression.
To probe further into the host response induced by these 2 closely related strains, we assessed the cytokine and chemokine response profile to infection (Fig. 2) . We analyzed a number of differentially expressed cytokine and chemokine genes and the corresponding secreted proteins in both mouse (BMDM) and human (THP-1) macrophages ( Fig. 2 and Fig. 3 ). Fold-change comparisons of all differentially expressed genes analyzed through RNAseq and qPCR are represented in Table 4 .
In both human and mouse macrophages, infection with the hypervirulent strain induces the transcription of genes encoding the pro-inflammatory cytokines Il-6, Il12b and Il-1b, as well as the chemokine Ccl5 (RANTES). Although there are no differences observed in the transcribed mRNA levels of Ifng and tnfa, a significant difference is observed in the secreted protein detected by ELISA. This typical interferon-related immune response is not only typical of infection with the Beijing strains, 3 but this signature appears to be relevant to active pulmonary tuberculosis patients. 15, 16 It is suggested that the production of interferons is related to the presence of the ESX-1 secretion system which functions to promote bacterial replication during infection. 17 This robust inflammatory response indicates that the hypervirulent strain is highly pro-inflammatory during the early stages of infection.
Interestingly, of all the cytokines investigated, we could not detect the IL-12p70 bioactive heterodimer in the cell culture supernatant of both human and mouse macrophages, even though Il-12b gene expression was strongly induced after infection. A similar observation was made in murine macrophages infected with Salmonella dublin where the production of IL-12p70 was not detected, although secretion of the 40 kDa subunit was observed. 18 Others have observed that endogenous IL-12 production or exogenous IL-12 administration results in increased resistance against mycobacterial infection. 19, 20 IL-12p70 induces the release of IFN-g 17 and under normal circumstances initiates T cell activation which will determine the eventual effector phenotype of the effector T cell. 21 This is perhaps one mechanism utilized by mycobacteria to evade optimal cell-mediated immune responses is the ability to preferentially minimize IL12p70 secretion. On the other hand, IL-12p40 is said to be able to function independently and act as a competitive antagonist 22 where it is able to competitively bind to the common receptor component IL-12Rb1, 22 inhibit IL-23-mediated functions and antagonize the effects of the IL-12 heterodimer. 23 This is therefore an alternative explanation as to the ability of virulent M.tb to evade the host immune response and persist intracellularly.
A previous study focusing on in vivo infections with the hypo and hypervirulent M.tb strains used in this study observed that bacillary loads in mice infected with the hypervirulent strain were 10-fold higher than those infected with hypovirulent strain. 10 The fact that the hypervirulent strain is able to persist and replicate in vivo suggests that the mycobacteria are able to maintain a favorable cellular milieu, despite the secretion of proinflammatory immune modulators. A possible explanation for this may be the observed transcriptional upregulation of the immediate early response 3 (ier3) gene in both human and mouse macrophages after infection with hypervirulent strain in this study (Fig. 4) Ier3 is upregulated under conditions of cellular stress and inflammation 24 and was recently observed to play a role as feedback inhibitor during LPS-stimulation, thereby protecting the macrophage from cell death induced by successive secretion of proinflammatory cytokines. 25, 26 The observed increase in this transcriptional response may suggest that ier3 transcription is not only related to virulence, but ensures macrophage survival through translational derepression 25 which is consequently beneficial to mycobacterium survival. This may be the case during the early response to infection with virulent M.tb as observed in our infection model. To the best of our knowledge, this is the first study documenting a possible role for ier3 under M.tb infection conditions and requires further investigations into its role in possibly conferring intracellular M.tb survival. Another early response gene that was stimulated post-infection was the serum amyloid A (saa) gene. We observed its expression to be upregulated after infection with M.tb in both mouse and human macrophages, particularly after infection with the hypervirulent M.tb strain. In this study we observed an upregulation in transcription of this gene and its protein component in both human and mouse macrophages infected with M.tb and is in agreement with previous studies. 27, 28 SAA has been detected in a number of pulmonary infections, including tuberculosis and is involved in the induction of TNFa, IL-6, IL-8 and IL-1b secretion after infection. 29 In the context of host defense, we focused on 2 genes encoding pattern recognition receptors (PRR) in which a virulence specific response to infection was observed. The first PRR was secretory leukocyte protease inhibitor gene (slpi). It was previously observed to have potent antimycobacterial activity 30 and attaches to the surface of the mycobacteria through binding of mannan-capped lipoarabinomannans and phosphatidylinositol mannoside. 31 Its expression is related to virulence 32 which is in agreement with our findings (Fig. 4) , however the accumulation of mRNA in BMDMs and THP-1 cells does not correspond to protein expression levels of SLPI in hypervirulent infected BMDM and THP-1 cells (Fig. 4.D) . Absence of the SLPI protein component was also observed after herpes simplex virus infection. 33 Previous studies revealed that its expression is inhibited by IFNg, 34 and since we observed increased IFNg secretion in hypervirulent infected macrophages (Fig. 2 and Fig. 3 ), this could explain our result. In the context of M.tb survival however, abrogation of the functional protein component possibly contributes to the favorable intracellular milieu. The second PRR of interest in this study was the oasl1 gene. Its function has been extensively studied in response to viral infection. 14, 35, 36 Recent data deleting oasl1, a negative regulator of IFN-I signaling, suggests that sustained IFN-I signaling may be beneficial to control what will become a persistent viral infection. 14, 35 Irf7, a predicted upstream regulator of interferon signaling, is inhibited by oasl1, 14, 35, 37 a downstream interferon-stimulated gene. In this study we observed that oasl1 is highly expressed after infection with the hypervirulent M.tb strain in both human and mouse macrophages (Table 1 and Fig. 4 ) which could account for Irf7 having poor prediction for activation as analyzed by IPA. We indicate a possible role for oasl1 during M.tb infection which certainly warrants further investigations. Interestingly, its biological role during M.tb infection has not yet been characterized, however a recent comparative analysis of the host transcriptome observed an over-representation of Oasl which was dependent not only on the presence of the region of difference 1 (RD1) in M.tb, but on virulence (when compared to BCG). 38 Although it was one of the top upregulated genes, the authors did not expand on this finding. This result is in accordance with our own, however here we validate its expression and show that it is independent of species and dependent on the virulent phenotype.
Collectively our results reveal a virulence-specific host response to infection through global transcriptome analysis. Further research elucidating the role of each of these virulence-specific host genes are required under M.tb infection conditions since these are not well documented as yet. 
Materials and methods

Cells and culture medium
Murine bone marrow derived precursor cells from the femurs of 6-8 week-old C57Bl/6 female mice were isolated as previously described 39 and diluted in RPMI-1640 (containing L-glutamine and Na-bicarbonate; Sigma, USA) supplemented with 10% L-cell conditioned medium (source of CSF-1) and 10% heat-inactivated FBS (Biochrom, Germany) as growth medium and incubated at 37 C, 5% CO 2 . For infection experiments, cells were seeded into 6-well tissue culture dishes (Nunc, Thermo Scientific, USA) at 5 £ 10 5 cells per well. The murine bone marrow derived precursor cells were allowed 5 d to adhere and differentiate into macrophages, where after the undifferentiated cells were washed away and the medium was refreshed. Medium was refreshed every second day and bacterial infection was carried out on day 7.
Human macrophage-like cells, THP-1(ATCC-88081201), were cultured in RPMI-1640 supplemented with 10% heat-inactivated foetal calf serum (Biochrome, Germany) and incubated at 37 C, 5% CO 2. For infection experiments, THP-1 cells were seeded in 6-well plates (Nunc, Germany) at 2 X10 6 cells per well and differentiated into macrophage-like cells with Phorbol 12-Myristate 13-Acetate (PMA; Sigma Aldrich, USA) at a final concentration of 100 nM for 48 hours.
Bacterial strains and infection conditions
Genetically closely related hyper (R5527) and hypovirulent (R1507) Beijing M. tuberculosis clinical isolates 11 were used for infection. These isolates were cultured from TB-positive patient's sputum samples, originally collected for diagnostic purposes. Cultures were genotyped by IS6110 DNA fingerprinting and spoligotyping using established international standardised methods. Mycobacteria were cultured in 7H9 (supplemented with 10% OADC, 0.5% glycerol) without Tween 80. 40, 41 BMDMs and THP-1s were infected with either the hyper-or hypovirulent M.tb strain at a MOI D 1 using the "syringe settle filtrate" (SSF) method 40 and allowed 4 h for uptake. The cells were then washed 3 times with phosphate buffered saline (PBS) to remove any extracellular M.tb, and incubated for an additional 8 hours in complete medium (12 h in total).Uninfected BMDMs and THP-1s served as the control/uninfected samples.
RNA extraction and mRNA enrichment
Total RNA from BMDM and THP-1 cells were extracted using the RNeasy Ò Plus Mini Kit (Cat. No. 74134, Qiagen, Limburg, Netherlands) according to the manufacturer's instructions immediately following the 12 h infection period. The "gDNA eliminator" column included in this kit was used to remove genomic DNA in all samples. For each experiment, RNA quality and quantity was assessed using the Agilent 2100 Bioanalyser. Only RNA with a RNA integrity Number (RIN) above 9.0 were used for RNAseq and qPCR experiments. mRNA enrichment was achieved using the Dynabeads C until RNAseq was performed. Three biological replicates for RNA-seq (each biological replicate run in triplicate) and qPCR were used (each biological replicate run in duplicate).
RNA-seq
A barcoded RNA library was constructed for each of the 3 biological replicates in triplicate using the AB Library Builder TM Whole Transcriptome Core Kit for 5500 Genetic Analysis Systems (Cat. No. 4472690, Applied Biosystems, Life Technologies). The concentrations of the libraries were normalized using qPCR. To prevent any potential bias being introduced during emulsion PCR or sequencing, the 9 libraries were mixed prior to emulsion PCR using 2 E120 modules and the SOLiD Ò EZ Bead TM System (Cat. No. 4448419, Applied Biosystems, Life Technologies). The libraries were loaded onto 2 flow cells for sequencing after enrichment. A SOLiD TM 5500xl was used for paired-end sequencing (75/35 bp). The run was continuously monitored for data quality using standard tools in the Instrument Control software.
RNAseq data analysis was performed using LifeScope 2.5 (http://www.lifetechnologies.com/lifescope) and Partek Flow (Partek Inc., St Louis, MO, USA, build 4.0.15). Version GRCm38/mm10 of the mouse reference genome were used to map reads. The total number of reads mapped by LifeScope was extracted from the BAM-STATS output, along with the number of unmapped reads and reads with a mapQV of less than 10. The mapped reads were exported as .bam files into the Partek Flow Software tool. The post-alignment QC module of Partek Flow was used to visualize the average base quality score per position as well as the mapping quality per alignment. The mapped reads were quantified using the RefSeq transcripts-2015-02-02 annotation for quantification using the Partek E/M method (Methods S1) and strict paired-end compatibility was enforced with a requirement for junction reads to match defined annotated introns. All RNA-seq data have been deposited in the NCBI Gene Expression Omnibus (GEO) database with experiment series accession number [GSE78706].
Gene expression level analysis
A stringent gene expression filtering criterion was applied to the sense strand expression data to remove lowly expressed genes, thereby reducing Type I error. Differential gene expression analysis was achieved using Partek Flow and the Gene Specific Analysis (GSA) algorithm (Methods S1). False discovery rates (FDR) were also calculated and only regions with a minimum coverage of at least one were considered. All data was normalized using the FPKM method. Only regions with a FDR < 0.05 and fold change 2 or ¡2 were considered for hierarchical clustering. Both the samples and the genes were clustered.
Pathway analyses
Ingenuity Pathway Analysis (IPA, http://www.ingenuity. com) was used to assess the canonical pathways regulated during hypo-and hyperviruelnt M.tb infection in BMDM cells. Curated pathways from the IPA Knowledge Base that were significantly associated with the dataset were revealed as well as cascade of upstream transcriptional regulators and their predicted activation under the infection conditions described in Materials and Methods.
Quantitative qPCR
For cDNA synthesis, 0.5 mg RNA was converted to cDNA using the Quantitect Ò Reverse Transcription Kit (Cat. No. 205311, Qiagen, Limburg, Netherlands). To ensure the removal of genomic DNA, "gDNA wipe-out buffer" was added to RNA (included in the kit) prior to the RNA conversion step. qPCR amplification was performed in 96-well plates and run on a LightCycler Ò 96 system (Roche, Germany). LightCycler Ò 480 SYBR Green I Master (Cat. No. 04887352001, Roche, Germany) was used for various differentially expressed genes using QuantiTect Ò primer assays (Qiagen, Limburg, Netherlands -See Supplementary Materials S1) at a reaction volume of 20 ml. The reference genes ubc, b2m and g6pd were chosen according to stable expression levels from RNAseq data and confirmed through qPCR. The amplification procedure entailed 45 cycles of 95 C for 10 s followed by 60 C for 10s and finally 72 C for 10s. Gene expression fold-changes were computed for hypovirulent infected, hypervirulent infected and uninfected macrophages using calibrated normalized relative quantities using the equation N D N 0 £ 2 Cp (LightCycler Ò 96 software, Roche). All qPCRs were done on RNA extracted from 3 additional experiments. All biological replicates were run in triplicate with a positive control (calibrator) and a non-reverse transcription control in accordance with the MIQE Guidelines.
Cytokine and chemokine ELISAs
ELISArray for human (CMEH0707A) and Mouse (CME0708A) cytokines were purchased from Qiagen (Limburg, Netherlands) specific for TNFa, IFNg, IL-6, RANTES, MCP-1, IL-12, IL-1B, IL-10. After the infection period, cell culture medium was removed and frozen at ¡80 C until analysis. ELISAs were conducted according to the manufacturer's instructions.
Western blotting
After the infection period, protein was extracted using RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris) containing Complete Protease Inhibitor Cocktail Tablets (Cat. No. 04693116001, Roche Diagnostics, South Africa). Proteins of interest for mouse and human were detected with antibodies (Santa Cruz Biotechnology) specific for OASLl1 (sc-98385), OASL (sc-98313), SLPI (sc-28803), SAA (sc-20651), IEX-1 (sc-33171) and the reference protein GAPDH (sc-32233). Corresponding secondary antibody used was goat anti-rabbit IgG-HRP (sc-2030).
Animal housing and ethics
The mice used for this study were housed 3 per cage in a temperature-controlled room with a 12-h light-dark cycle and had free access to food and water. Approval for this study was granted by the Stellenbosch University Animal Ethics committee on Animal Care and Use and complies with the South African Animal Protection Act (Act no 71, 1962). Animal Ethics No. SU-ACUD14-00041.
Statistical analysis
Statistical significance was performed with GraphPad Prism software. ANOVA was used for comparisons involving 3 or more groups. All values expressed as means § SEM with a p < 0.05 considered as significant. "n" values signify the number of biological replicates performed for each experiment.
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